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A THERMODYNAMIC STUDY OF THE TURBOJET ENGINE

By Bexnsauwin PingeL and Irving M. Kare

SUMDMARY

Charts are presented for computing thrust, fuel consumption,
and other performance values of a turbojet engine for any given
set of operating conditions and component efficiencies. The
effects of pressure losses in the tnlet duct and the combustion
chamber, of variation in physical properties of the gas as it
passes through the system, of reheating of the gas due to turbine
losses, and of change in mass flow by the addition of fuel are
included. The principal performance chart shows the effects

of primary variables and correction charts provide the effects of

secondary variables and of turbine-loss reheat on the pmj‘orm—
anee of the system.

In order to illustrate some of the turbojet-engine-performance
characteristics, the thrust per unit mass rate of air flow and the
dsecific fuel consumption are presented for a wide range of
Sight and engine operating conditions. It is shown that
although thrust per unit mass rate of air flow increases with
increased combustion-chamber-outlet temperature, an optimum
combustion-chamber-outlet temperature erists for minimum
specific fuel consumption. This optimum temperature, in
some cases, may be less than the limiting temperature imposed
by strength-temperature characteristics of current materials.

The influence of characteristics of a given eompressor and
turbine on performance of a turbojet engine containing a matched
set of these given components is discussed for cases of an engine
with a centrifugal-flow compressor and of an eagine with an
arial-flow compressor.

INTRODUCTION

Some thermodynamic studies have been made of turbojet
engines in which equations or charts for obtaining the engine
performance are presented and in which performance trends
are indicated (references 1 to 4). A study of design and stress
limitations relating to turbojet engines is given in reference
5. The purpose of the present report is to provide charts
in which a factor indicative of engine performance is given
in terms of primary flight and engine operating parameters.
From these charts, the engine performance for a given set
of primary parameters ean be quickly evaluated and an in-
sight is provided into the degree of change of performance
possible through change in the parameters. The principal
performance chart contains only the primary parameters.
The effects of secondary parameters are introduced through a
correction factor given in a correction chart.

An insight into some of the performance characteristics
of the turbojet engine is obtained from calculated results
showing the effects of varying combustion-chamber-outlet

temperature and compressor pressure ratio on thrust per

unit mass rate of air flow and specific fuel consumption.
These results are for constant component efficiencies and for
a range of flight-speed and altitude conditions.

Also discussed herein is the matching of components of a
turbojet engine. Caleulated results that illustrate how the
performance characteristics of a given turbojet engine are
related to the performance characteristics of its components
are presented. Two engines are used in this study, one with
8 centrifugal-flow compressor and one with an axial-flow
compressor. The manner in which the performance of each
engine varies as engine operating conditions vary from the
design point is also Hllustrated for the cases of the engine with
a fixed-area exhaust nozzle and of the engine with a variable-
area exhaust nozzle.

SYMBOLS

The significance of the symbols appearing in the charts and
in the subsequent discussion is as follows:

Aa effective exhaust-nozzle area, (sq ft)
(For an isentropic expansion in exhaust nozzle,
flow through area A, is equal to actual mass
flow through nozzle.)

a,b,c factors that measure effects produced by secondary
variables

B ratio of compressor tip speed ¥7 to turbine-blade
speed u

a, velocity coefficient of exhaust nozzle

€p. Specific heat of air at constant pressure at T,=519° R,
7.73 (Btu/(slug) (°F))

;¢  average specific heat at constant pressure of exhaust
gases during expansion process, (Btu/(slug)(°F}))
(This term, when used with temperature change
accompanying expansion, gives change in enthalpy
per unit mass.)

F net thrust, (Ib)

f fuel-air ratio

h lower heating value of fuel, (Btu/lb)

J mechanical equivalent of heat, 778 (ft-1b/Btu) *

K, compressor slip factor, equal to ratio of compressor-

shaft power per unit mass rate of air flow to square
of compressor tip speed, 550 P /AL, 172
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mass rate.of air flow, (slug/sec)

mass rate of gas flow through turbine, (slug/sec)

compressor-shaft horsepower input

turbine-shaft horsepower output

ambient-air pressure, (lb/sq ft absolute)

total pressure at compressor inlet, (Ib/sg ft absolute)

total pressure at compressor outlet, (Ib/sq ft absolute)

total pressure at turbine inlet, (Ib/sq ft absolute)

static pressure at turbine outlet, (Ib/sq ft absolute)

drop in total pressure through inlet duct, (Ib/sq {t)

drop in total pressure through combustion chamber due
to mechanical obstruction of burners and momen-
tum increase of gases during combustion, (Ib/sq ft)

ratio of drop in total pressure in combustion chamber
to total pressure at compressor outlet, Apy/p,

ambient-air temperature, (°R)

compressor-inlet total temperature, (°R)

compressor-outlet total temperature, (°R)

combustion-chamber-outlet total temperature, (°R)

net thrust horsepower

compressor tip speed, (ft/sec)

turbine-blade speed measured at turbine pitch line,

(ft/sec)

jet velocity, (ft/sec)

increase in jet velocity due to eﬁ‘ccb of turbme-loss
reheat, (ft/sec)

airplane velocity, (ft/sec)

theoretical turbine-nozzle jet velacity corresponding
to isentropic expansion of gas from turbine-inlet
total pressure and temperature to turbine-outlet
static pressure, (ft/sec),

Tl ]
V;:\/ 2J¢, T [1— 75-) e ]
Ps

axial component of gas velocity at turbine outlet,
(ftfsec)

mass flow of fuel, (Ib/hr)

ratio of compressor pressure ratio p.fp; to reference
pressure ratio {(Pa/pi)re

ratio of ram temperature rise to ambient-air_tempera-
ture, V2/2J¢, 1o

ratio of compressor-shaft power per unit mass ratc of
air flow to enthalpy of slug of air at temperature
To, 550 P M Jc, . T

ratio of specific heats of air, 1.4

average value of ratio of specific heats of eYhaust gas
during expansion process

ratio of pressure at any point being considered to

standard sea-level pressure of 2116 pounds per
square foot, that 1is, 8,=p/2116, &=p/2116,
and so forth

correction factor that accounts for over-all effects pro-
duced by secondary variables

combustion efficiency equal to ideal fuel-air ratio re-
quired to obtain temperature rise in combustion
chamber from 7, to 7T; divided by actual fuel-air
ratio
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e compressor adiabatic efficiency, that is, ideal power
.required in adiabatically compressing air from
compressor-inlet total temperature and pressure
to compressor-outlet total pressure divided by
compressor-shaft power
1.,  compressor polytropic efficiency equal to logarithm of
actual pressure ratio divided by logarithm of isen-
_iropic pressure ratio that corresponds to actual
temperature ratio
7. turbine total efficiency, that is, turbine-shaft power
. divided by ideal power of gas jet expanding
“adiabatically from turbine-inlet total pressure and
_temperature to turbine-outlet static pressure less
kinetic power corresponding to average axial ve-
locity of gas at turbine outlet,
550P,

S MV E—3 MVE

TS

Nes turbine-shaft efficiency, that is, turbine-shafi power
divided by ideal power of gas jet expanding
adiabatically from turbine-inlet total pressure and
temperature to turbine-outlet static pressure,

550Pt
77:.:_
- ;Lf V2
4 ratio of temperature at any point being considered to

standard sea-level temperature of 519° R, that is,
- o= To/519, 31=T1/519 and so forth

2 T — . - - -
@2/@1 ref=— [(1_*_17) Neh i€ 4] 2(74 b

When variation in e with pressure ratio is negligible, then
(pa/P1)rer is equal to compressor pressure ratio for maximum
thrust per unit mass rate of air flow.

METHOD OF EVALUATING TURBOJET-ENGINE
PERFORMANCE

ANALYSIS

A schematic diagram of the turbojet engine considered is
shown in figure 1.  Air enters the inlet duct and passes to the
compressor inlet. Part of the dynamie pressure of the free-
air stream is converted into static pressure at the compressor
inlet by the diffusing action of the inlet duct. The air is

0 - 3 4 5 .
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“Inlet duct “—t‘om’pressor

F1eURE J.—S%chematic diagram of turbojet engine,
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further compressed in passing through the compressor and
enters the combustion chamber where fuel is injected and
burned. The products of combustion then pass through
the turbine nozzles and blades where an appreciable drop in
pressure occurs and finally are discharged rearwardly through
the exhaust nozzle to provide thrust.

The variables affecting the performance of the turbojet
engine are divided into a primary group and a secondary
group. The variables of the primary group are shown on
the principal chart for determining the performance of the
engine. The variables of the secondary group are shown on
a correction chart for determining the factor ¢, usually close
to unity, which also appears as a variable on the principal
performance chart.

The primary group of variables consists of:

(a) Compressor adiabatic efficiency 7,

(b) Turbine total efficiency 7,

{¢) Burner efficiency 7,

(d) Exhaust-nozzle velocity coefficient (,, which includes

losses in tail pipe

(e} Airplane velocity V,

(f) Compressor total-pressure ratio p./p;

(g} Ambient-air temperature T,

(b} Combustion-chamber-outlet total temperature 7,

The secondary group consists of:

() Ratio of total-pressure drop through inlet duct caused
by friction and turbulence to compressor-inlet total
pressure Apq/p;

(b) Ratio of total-pressure drop through combustion
chamber caused by mechanical obstruetion of
burners and by momentum increase of gases during
combustion to compressor-outlet total pressure
Aps[ps '

{c) Effect of difference between physical properties of cold
air and hot exhaust gases during expansion pro-
cesses
(The effect of change in specific heat of gas during
other processes is included in the charts.)

Charts are presented from which thrust, thrust horsepower,
and fuel-air ratio can be evaluated for various combinations
of design and operating conditions. The equations from
which the charts were prepared are listed in appendix A
and are derived in appendix B. The following equations
used in combination with the charts give the performance
of the turbojet system.

The net thrust of the turbojet engine, when the effect of
the added fuel is neglected, is given by the equation

F=A,(V,—1V5) (la)

Wher the effect of added fuel is included, the thrust is
given by

F=M.(V;,—V,) +/3L.V; (1b}

The net thrust horsepower thp is expressed as
thp=FV,/550 (2)

The compressor-shaft horsepower is given by
P.=M;M,Jc, . ToZ[550="5675 M,ZTo/519 - (3)
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The compressor-inlet total temperature is obtained from

The fuel consumption per unit mass rate of air flow is
given in terms of the fuel-air ratio by the following relation:

W,/A,=115,920 f (5)

DISCUSSION OF CHARTS

By means of equations (1) to (5) and the curves of figures 2
to 7, the performance of the turbojet engine can be readily
determined. The curves are given in a form that shows the
effects of the variables on performance. In figures 2 to 4
are shown curves for evaluating some of the primary param-
eters that are used in the principal performance chart,
figure 5 (a), from which the jet velocity is determined. The
fuel-air ratio is evaluated with the use of fgures 6 and 7.

Curves for obtaining the flight Mach number, the values
of I, and the compressor-inlet total pressure for various
values of the factor V,/519/7, are shown in figure 2. The
compressor-inlet total temperature is obtained from the value
of ¥ and equation (4).

The value of ¢, which accounts for the effect of the secondary
group of variables, is obtained from figure 3. 'The quantity e
is given by the relation

e=1—a—brte¢

Factor a, which gives the effect of total-pressure drop
through the inlet duct Apg, is shown in figure 3 (8). Factor
b, which measures the effect of total-pressure drop through
the combustion chamber Ap,, is introduced in figure 3 (b).
Factor ¢, which corrects for the difference between the
physical properties of the hot exhaust gases and the cold air
involved in the computation of the expansion processes
through the turbine and the exhaust nozzle, is given in
figure 3 {¢). In general, the value of ¢ is close to unity and
can be taken as equal to unity when 2 rapid approximation is
desired. In some cases, a change in e of 1 percent may,
however, introduce a change of several percent in the thrust.
The compressor total-pressure ratio is plotted against the
quantity ».Z/(1+¥) in ficure 4. The compressor-shaft
horsepower (and hence the turbineshaft horsepower) is
computed from equation (3) and the value of Z. The effect
of the variation in specific heat of air during compression is

neglected in this plot, the maximum error in Z introduced

being about 1 percent for the range of compressor pressure
ratios shown in figure 4 and for compressor-inlet tempera-
tures up to 550° R. )

The value of (pof/pi)r plotted against the factor

Ty 1 ). . . .
N0 € Ta(ﬂ) is also given in figure 4. The quantity

(D2f/D1) reris useful in that it is the compressor pressure ratio for

maximum thrust per unit mass rate of air flow for any given

values of n.y.e %’ and Y, provided that the change in ¢ with
[}
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(A 24-in. by 24-in. print of this chart is available npon request from NACA.)

change in pressure ratio is negligible. In a system where the The curves in figure 5 (a) are used to determine the jet-

pressure losses are low, the value of e is close to and generally
slightly greater than unity and varies inappreciably with
pofp:.  When the change in e with p.fp, is appreciable, then
(po/P1)rer differs slightly from the cormpressor pressure ratio
giving maximum thrust per unit mass rate of air flow. Even
in this case, however, the thrust per unit mass rate of air flow
corresponding to (pa/pi)rer is generally within 1 percent of the
frue maximum. Hence, figure 4 permifs a rapid approxima-
tion of the pressure ratio for maximum thrust per unit mass
rate of air low. The actual compressor pressure ratio ps/p:
divided by the quantity (psf/pi1)re defines the value of X used
in figure 5 (a).

velocity factor Vj\, %”,3,_7‘\/ 52,1—9 for various values of the pa-
2 0

rameters g€ %}, V.4'519/T5, and XY or 1/X. When Yisless
0

than unity, the value of 1/X is used because .Y occurs in
equation (B43) (appendix A) for figure 5 (a) only in the
Yg—1 ’

-1
quantity (X) "= —{-(}Y) e Corresponding to the values of
Nen € % and ¥ or 1/X, a point on the left-hand set of curves
a

is determined; then progressing horizontally across the chart
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F10GRE & —Chart for determining jet velocity.

(This chart has been divided into two sections, 18 in, by 41 in, and 20 in. by 41 in., and is available upon raguest from NACA.)
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to the desired V,v/519/7, line, a second point is located on
the right—hand set of curves. The value of the jet-velocity

factor V; W” / 1s read as the value of the lower ab-

scissa of the second point. At zero flight speed, the jet-
velocity factor is read directly as the ordinate of the first
point located on the left-hand set of curves. The thrust can
then be computed from the value of V; and equation (1a).
As previously mentioned, the value of X is found by dividing
the compressor pressure ratio po/p; by the value of (pa/p1),.,
obtained from figure 4 corresponding to the values of the
parameters n,, ne €, 14, 1y, and ¥ being considered.

In figure 5 (a) for given values of 4., 7, T4, T, and T, if €
remains constant as py/p; (or X) varies, then the variation

;o T, ..
of V; with ps/p; occurs along a constant ncmeT‘lme. For
4]

this case (pa/py);es, which is a function of e, remains constant
and the maximum value of V; occurs at a value of p./p
equal to (pa/pi)re Actually, however, as p./p, varies, the

value of e changes slightly and hence 7.7, T4 changes, with
0
the result that the Variation in V; with p./p; does not oceur

along a constant (B hne Also (pa/pi)re; is no longer

constant as p./p, varies and the value of X at any given
Pa/p1 must be evaluated using the (py/p).., value determined
at the given p,/p,. For this case of varying ¢ the value of
(Pof/P1)rer evaluated at any p./p, is a close approximation to
the ps/p: giving maximum V.

For a case in which 7, varies with p,/p;, similar considera-
tions apply as for the case of e varying with p./p;.

As an example of the use of figures 2, 4, and 5 (a) for a
rapid approximate computation of the thrust per unit mass
rate of air flow FfA[f,, a case is considered in which the
following conditions are given:

Exhaust-nozzle veloeity coefficient, C,o__ . _________________ 0.95
Compressor adiabatic efficleney, #eoeo o o _________ 0. 85
Turbine total efficiency, 5o oo ______________ 0. 8¢
Turbine-inlet temperature, Ty, °R..________ _________________ 2000
Ambient-air temperature, Ty, °R______ _____________________ 500
Alirplane velocity, V,, ftfsee__ . _________________ 733
Compressor pressure ratio, pofpi- - ________ 4

From the assumption that e is equal to 1, F/3L, is then
evaluated using these given quantities as follows:

VeVB19[ Ty, ftfsec o 747
Y (from fig. 2) .. 0. 089
BETUE T =~ m o m e mmm 3. 06
T

ﬂc’?té (1_}) ----------------------------------------- 2. 58
(pzf;n) red (from fg. 4y . 5.25
1/X= (pzlpl) nff 2 131

,\ gf’?; v T (from fig. 5(a)), ftfsec . ___________________ 2000
Vi f6f8€0 o oo e 2132
FfAfs (from equation (la)), Ibf(slug/see) - . o _________ 1399

Subsequent charts and discussion introduce corrections
that permit a high degree of accuracy when desired.
The losses in kinetie energy in the turbine passages appear
as heat energy in the gas leaving the turbine. This energy
£§5026—50——40
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will be termed “turbine-loss reheat.” In the further expan-
sion of the gas in passing through the exhaust nozzle, some
of the turbine-loss reheat is recovered as additional kinetic
energy of the jet. If, however, the velocity at the turbine
outlet is substantially equal to the final jet velocity, no

further expansion occurs and no kinetic energy is recovered

from the turbine-loss reheat. The curves of figure 5 (a)
correspond to this case. The ratio of the increase in jet
velocity to the final jet veloeity ATV (V; determined from
fie. 5 (a)), obtained when the velocity at the turbine outlet
175 is less than the final jet velocity, is shown in figure 5 (b).
The curves presented in this figure are based on a value of
specific heat at constant pressure for exhaust gas equal to
8.9 Btu per slug per °F.
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(b) Correction fo jet veloeity due to reheat in turbine. (cg,s, 8.9 Btuf(slag}FY)
FiotrE 5.—Concluded. Chart for determining jet velocity.

When C,V,/V; is 1, then for all values of turbine total
efficiency AV,/V;is 0 (fig. 5 (b)). Also, AV,/V, approaches
0 as turbine total efficiency approaches 1 for all values of
CVs/V; because turbine-loss reheat approaches 0 with in-
crease in turbine total efficiency. -

For a given turbine total efficiency, the smaller the value
of C;V5/V;, the greater is the recovery of turbine-loss rehesat
as is evident from figure 5 (b). Decrease in turbine-outlet
velocity V7 is obtained by an increase In annular area swept
by the turbine blades. Blade stress is one of the principal
limitations on blade height and thus on blade-annulus area.

The compressor-outlet total temperature 7. plotted
against the factor T4(1+1Y+Z) is shown in figure 6. This
curve includes the variation in specific heat of air during
compression and was computed using reference 6. The
variation in specific heat is accounted for in this case, whereas
it is neglected in figure 4 because the error introduced in the
evaluation of the temperature rise during compression by the
assumption of a constant value of specific heat is much
greater than the error introduced by the same assumption
in the evaluation of the compressor power.
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FictrE 6.—Chart for determining compressor-cuflet total temperature for various values of the factor To(14+ Y+ Z).

The fuel-air-ratio factor »,f is plotted in figure 7
T,— T, (total-temperature rise in combustion chamber} for
various values of T,. These curves were based on the latest
available information on specific heats of air and exhaust-
gas mixtures (reference 7) and are for a fuel having a lower
heating value & of 18,900 Btu per pound and a hydrogen-
carbon ratio of 0.185. For fuels having other values of 2,
the value of f given in figure 7 is corrected accurately by
multiplying it by the factor 18,900/2. The effect of hydrogen-
carbon ratio of fuel on f is generally small, and for a
range of hydrogen-carbon ratios from 0.16 to 0.21, the error
due to the deviation from the value of 0.185 is less than one-
half of 1 percent. The fuel consumption per unit mass rate

against

of air flow is obtained from the value of f and equation (5).

In the preceding discussion of the charts, the effect of the
mass of injected fuel was not mentioned. It is shown in
appendix B that the effect of the added fuel on the jet
velocity can be taken into account by substituting the prod-
uct of turbine total efficiency 4, and (14f) for the value of
7. in the charts. This adjustment occurs in figure 4 in the

T IS L . .
factor n.me TE <mr) , which is used in finding (p?,/pl)”f,,
(a).
The value of 1 dete-rmlned is then used in equation (1b),
which includes effect of added fuel.

NN

and in the factors BT T4 and ¥ _f\/—C——\ T of figure §
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(A 23-in., by 35in. print of this chart is available upon request from NACA.)
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EXAMPLE OF USE OF CHARTS

The use of figures 2 to 7 in evaluating such performance
values as compressor-shaft horsepower, fuel consumption,
jet velocity, thrust per unit mass rate of air flow, thrust
horsepower, and specific fuel consumption is illustrated in
the following example. The method of accounting for
added fuel mass and turbine-loss reheat is also shown. The
example is based on a system having the following engine
and flight operating conditions:

1. Compressor adiabatic efficiency, fe- -v cceo oo oo 0. 80
2. Turbine total efficiency, 7o ---- B, N -. 0.90
3. Combustion efficiency, #p. cccvcoeowcmmcccmcccemeeeeeee. 0,97
4, Exhaust-nozzle v elomtv coefficient, C,____ —
5. Airplane veloecity, Vo, ftfsec__ . ____ [
6. Compressor total-pressure ratio, po/p1- - - cmeomocmmmee - 6
7. Ambient-air pressure, po, in. HO' ________________________ 29. 9
8. Ambient-air temperature, To, °Reoo oo oo e 510
9. Combustion-chamber-outlet total temperature, Ty, °R.____ 1960
10. Total-pressure drop through inlet duet, Apg, in. Hgo.o... Q.5
11. Total-pressure drop through combust,ion chamber, Apy,
in. Heg o o e ]
12. Lower heating value of fuel, &, Btu/lb. . o~ 18, 500
Determination of ¥ and flight Mach number
From items 5 and 8§
13. V,y/510/Ts, 6/S€C- oo oo i 733
From item 138 and figure 2
14, ¥ e o e im0, 0861
15, Flight Mach number.________.__ e e e 0. 656
Determination of Z and P,
Ttem 6§ead on figure 4 determines ]
Ne
16. T i e a e em e — - - 0,668
From items 16, 14, and 1
17 Z e o e e e - 0. 908
Using items 17 and 8 in equation (3) glves the compresbor-shaft
horsepower per unit mass rate of air flow ,
18, P/ M., hp/{sIUg/See) o oo oo 5153
Determination of f and W,/M,
From items 8, 14, and 17
19. To{14+Y+2Z), ° R e i emee 1085
Using item 19 and figure 6 : ) )
20. T, °Ro e 1025
From items 20 and ¢ o
21, Ty~ T, OF o 935
From items 21, 9, and ﬁvme 7
22 R e e e o 0.01372
Ttems 22 and 3 give
23. f_~__-___-,---__________________-____-_-_______,,_,-,0 01414
Beeause the lower heating value of the fuel is equal to 18,500
Btu per pound (item 12}, item 23 has to be multiplied by the
factor i——:ggg and the adjusted value is. - . o
Q4. f oo _0.01445
From item 24 and equation (5} . o
25. Wi M., (Ib/hr)/{slugfsec) .. U, .. 1875
Determination of factor e
From items 7, 10, and 11
26, AP PO e o e -.0.017
27 ﬁpz/po ________________________________________________ 0. 10.
From figure 2 and item 13
28 mrApe e lll.l.335
o
and using item 26 with item 28 gives
29 p;/pu ________________________________________________ 1. 318
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From items 26 and 29

Bl AP P e 0.013
whereas from items 27 and 30

32, AP P e e e 0.013
From items 14 and 16

B8, Y e e e e 0.812
Ttems 31 and 33 in figure 3 (a) give

B4, B e e 0. 005
Using items 32 and 33 in figure 3 (b} gives

35, b e e e e e e e Q. 005
When 1temb 9, 24 and 30 are used in figure 3 (¢}

86, € e e e 0. 035
From 1tem= 34 Sa and 36

37. e=1—0.005—0.005+0.035 - oceeceeee— = 1. 025

Determination of (po/pi),er and X
Using items 1, 2, 37, 9, 8, and 14 gives

2
38. neme % (1—_*%?) __________________ - 2. 363
From item 38 and figure 4
39 (PQ/PO e e e 4~ 50
From. items 6, 39, and the definition of parameter e
40, X o o e - 1. 333

Determination of V), Ff3{,, and other performance params-
eters when effects of added fuel and of turbine-loss
reheat are neglected

Using items 1, 2, 37, 9, and 8 gives

41. e %;i e e —mm e o 2 T8T
]

From items 41, 40, 13, and figure 5 (a), the jet-veloeity factor is

12. Viy/ Y N S -

and from tems -12 1, 2,4, and 8

48, T f4/88€ . o e 2014

The net thrust per unit mass rate of air flow is obtained from

items 43, 5, and equation (la}

44, FiM ., Ibf(8lug/see) oo e 1311
The thrust horsepower per unit mass rate of air flow is calculated

from items 44, 5, and equation (2)

45. thp/M ., thp/(slugfsec) oo 1747
From itemns 25 and 44 )

46. T/ F, (Ibfhr)/Ib thrust - oo 1. 278
and from items 25 and 45

47 Wilthp, Wofthp-hro oo 0. 959

Effect of mass of added fuel and of turbine-loss reheat on
V, and Ff31,

When more accurate results are desired, the caleulations
are made taking into account the effect of the mass of fuel
introduced and the effect of turbine-loss rcheat. The effect
of the fuel on jet velocity is handled by substituting the
product of the turbine total efficiency », and (14f) for
the value of %, which will now be done for the case just

considered
From itens 24 and 38 T ’ -
2

48. nonee % <%?) ----------------------------------- 2.396
From figure 4 the correspeonding
49, (Pof P refe oo e e = 4.81
From items 6 and 49
B0, X o e e e 1.30
Similarly with the effeet of fuel flow ineluded, item 41 becomes

T, .
51. e ey 2.827

[t}

s0 that from items 50, 51, 13, and figure § (a)
52. Vin/ 588 S 1800 o 1832

Again in order to account for the effect of fuel by an
adjustment of the #, terin
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583. Vi, ftfsec o _____ e 2065
which differs from item 43 by 1 percent.

The effect of turbine-loss reheat may be important when
7. is considerably less than unity and the velocity at the
turbine outlet is appreciably less than the final jet velocity.
In the example being discussed, the assumption is made
that the turbine is designed to have an outlet velocity

54, Vs, ft/sec. oo 700
Then from items 4, 53, and 54

58, VsV e e 0. 33
From items 8, 9, and 17

56. %42 ________________________________________________ 4.16
Using items 2, 55. and 56 in figure 5 (b} gives

57, AV IV - 0012
and from items 53 and 57

58. AT, ftfsec - 25

Using items 38 and 53 gives -
59, Corrected V7, fifsec o .
Thus in this ease, turbine-loss reheat provides an additional
I-percent increase in the value of V.

The thrust per unit mass rate of air fiow is obtained from
items 59, 5, and equation {1b) as .
60. Ff3,, 1b/(slugfsec) oo 1357
which is comparable with a value of 1311 (item 44) in
which the effects of fuel and reheat were neglected.
From equation (2) and items 60 and 5

61. thpf{M,, thp/(slug/see) - - 1808
and using items 25 and 60 gives

62. W,/F, QbfheyfYo o = 1. 234
and items 25 and 61 give

63. Wyfthp, Ibfthp-hr____ e 0.026

TURBOJET-ENGINE PERFORMANCE

In order to illustrate the performance and some of the
characteristics of the turbojet engine, several cases are pre-
sented. TFirst, the characteristics of a turbojet system
operating with fixed component efficiencies over a range of
flight and engine operating conditions are discussed. These
characteristics pertain to a series of turbojet engines whose
design-point conditions at any operating point are equal to
the given conditions at that operating point. Second, the
characteristics of a turbojet engine with a given set of
matched components operating over a range of flight and
engine operating conditions are discussed. For this case a
method of matching components and determining the inter-
relation between component characteristics and their effect
on over-all engine performance, as operating conditions vary,

is presented.
DESIGN-POINT ENGINES

For the purpose of illustrating the manner in which the
thrust per unit mass rate of air flow and the specific fuel
consumption are influenced by compressor pressure ratio,
combustion-chamber-outlet temperature, flight speed, and
ambient-air temperature, the following fized parameters are
assumed:

Compressor adiabatic efficieney, 7e- - - oo 0. 85
Turbine total effielency, - - o - o oo oo o 0. 90
Combustion efficiency, go- - oo e oo 0. 96
Exhaust-nozzle velocity eoeffieient, Coo oo _________ 0. o7
Lower heating value of fuel, b, Biuflb_____________________ 18, 900
Correetion factor, e. . oo 1. 060

These compressor and turbine efficiencies are not unrea-
sonably high when it is considered that in the definition of
these efficiencies the compressor and the turbine are credited
with the kinetic energy of the gases at the compressor and
turbine outlets, respectively.

The computed turbojet performance in this illustrative case

includes the effect of the mass of added fuel. .

The values of component efficiencies and ¢ for any given
turbojet engine vary with altitude and flight speed. In the
present computations, the component efficiencies and e were
assumed constant at the values listed. Computations were
also made for a case in which the variation of e with com-
pressor pressure ratio is considered.

The specific fuel consumption and the thrust per unit mass
rate of air flow plotted against the compressor pressure ratio
for various values of combustion-chamber-outlet tempera-
ture are shown in figure 8 for several combinations of ambient
temperature and airplane veloeity. A line for compressor
pressure ratios giving maximum thrust per unit mass rate of
air flow (X'=1) is also included in the figure. Figure 8 (a),
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FiGURE 8.—3pecific fuel consumyption and thrust per unit mass rate of air flow for various
compressor pressure ratios and combustion-chamber-ontlet temperatures for llustrative
case. (7, 0.85; 771, 0.90; 718, 0.96; C,, 0.97; B, 18,000 Biu/ib; €, 1.00)

which is for 17, of 0 feet per second and 7, 0of 5199 R, includes

a curve for 7. of 1960° R where the variation in e with

paof/p1 is considered. For this curve, constant values of

Apg/p; of 0.03 and Ap,/p; of 0.04 were chosen because these-

values give a value of ¢ of 1.00 at a pressure ratio of about

5.6. At pressure ratios greater than 5.6, the values of e

are greater than 1.00. The value of compressor pressure

ratio for a maximum value of F/1{, is greater for the case

where e varies with pressure ratio than for the case where e

is assumed constant, and the peak value of FfAZ, for the first
case is slightly greater than that for the second case (fig. 8 (2)).
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FicurE 8.~—Concluded.

The compressor pressure ratio and specific fuel consump-
tion plotted against thrust per unit mass rate of air flow in
figure 9 is a replot of figure 8. A scale of the power specific
fuel consumption in pounds per thrust horsepower-hiour is

. added on figures 8 (b) and 9 (b), which arc for 17, of 733 feet

per seqond and 7, of 519° R, and on figures 8 (c) and 9 (¢,
Which are for 17, of 733 fecet per second and T, of 412° R.

is illustrated in figures 8 and 9 that the minimum speeific
fuel consumptlon occurs at a higher compressor pressure

-ratio than maximum thrust per unit mass rate of air flow.

When hmh thrust per unit mass rate of air flow rather than
low specific fuel consumption is the primary consideration,
it is apparent from figures 8 and 9 that high combustxon-»
chamber-outlet temperatures should be used. High thrust is
the more important consideration in take-off, ('lllnb, and
maximum-speed operation.

The curves of figure 9 show that with no limitation on the
compregsor pressure ratio, as the combustion-chamber-outlet
temperature is increased from the minimum value quuirod
to produce a thrust, the thrust per unit mass rate of air {low
increasés and the speclﬁc* fuel consumption decreases until

the temperature giving minimum specific fuel conbumptmn

is reached. Increasing the temperature further results in
both increased thrust per unit mass rate of air flow and
specific fuel consumption. This temperature for minimum
specific fuel consumption is less'than 1460° R for figure 9 (a},
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FiGURE 9.—Compressor pressure retio and specifie fuel consumpifon for various thrusts per
unit mass rate of air flow and combustion-chamber-outlet temperatures for iNustrative case.
(% ey 0.85; 76, 0.90; 75, 0.95; Oy, 0.97; £, 18,900 Blu/lb; 6, 1.00)
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about 2210° R for figure 9 (b), and 1710° R for figure 9 (c),
indicating that at some conditions the temperature for
minimum specific fuel consumption is less than the tempera-

ture limit imposed by strength-temperature characteristics.

of turbine materials.

If the available compressor pressure ratio is limited, the

combustion-chamber-outlet temperature for minimum spe-
cific fuel consumption is sensitive to the other operating
conditions. For example, at a limiting compressor pressure
ratio of 4, minimum specific fuel consumption occurs at a
temperature below the lowest values shown in figure 8. If
the limiting compressor pressure ratio is 8, the combustion-
chamber-outlet temperature for minimum specific fuel con-

sumption is just slightly less than the lowest temperature

shown in figure 8 (c) for an ambient temperature of 112° R
but approaches an intermediate value of approximately
1710° R for an ambient temperature of 519° R (fig. 8 (b)).
Although not shown, the optimum combustion-chamber-
outlet temperature is also sensitive to the efficiencies of the
components of the turbojet engine.

In figure 10 (a), the power spemﬁc fuel consumption and

the thrust per unit mass rate of air flow are plotted against

airplane velocity at ambient temperatures of 412° and 519° R
for the following cases:
(a) Compressor pressure ratio chosen to give maximum
thrust per unit mass rate of air flow (X=1)

{b) Compressor pressure ratio chosen to give minimum

specific fuel consumption
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FieURE 10.—Performance at conditions for minimum specife fuel consumption and for pres-
sure ratios giving maximum thrust per nnit mass rate of air flow (X=1) for illustrative
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(b} Compressor pressure ratios and X at various airplane velocities.
F16trE 10.-—Concluded.

The power specific fuel consumption for case (a) is between
15 and 23 percent higher than for case (b) for airplane
veloeities between 300 and 800 feet per second ; the percentage
difference in power specific fuel consumption is greater at
the lower airplane velocities and at the lower ambient
temperatures. N

The thrust per unit mass rate of air flow is between 21
and 31 percent higher for case (a) than for case (b) for
airplane velocities between 300 and. 800 feet per second;
the greater percentage difference in thrust per unit mass
rate of air flow occurs at the lower airplane velocities and
the lower ambient temperatures. :

The compressor pressure ratios and the values of X that
are associated with the performance values given in figure
10 (a) are presented in figure 10 (b). The large increase in
required pressure ratio from the condition of X=1 to the
condition of minimum specific fuel consumption is noted.

In figures 8 to 10, it was assumed that the compressor
adiabatic efficiency remains constant at 0.85 regardless of
pressure ratio. As the desired pressure ratio is increased,
however, it becomes increasingly difficult to design 2 com-
pressor to maintain a high adiabatic efficiency; a reduction
in compressor adiabatic efficiency may therefore be expected.
The reduction in the obtainable compressor adiabatic effi-
ciency with increase in pressure ratio reduces the gains
deriv:ed {rom increase in pressure ratio and hence reduces
the value of the optimum pressure ratio.

This condition is illustrated in figure 11 in which a turbojet
engine equipped with a multistage axial-flow compressor
having a polytropic efficiency 7., of 0.88 is considered. The
other parameters of the turbojet engine are the same as for
figure 8 (¢). Figure 11 shows the over-all adiabatic efficiency
of the compressor, the thrust specific fuel consumption of the
engine, and the thrust per unit mass rate of air‘ flow plotted
against pressure ratio. The pressure ratio is increased by
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adding stages to the compressor. Although the polytropic
efficiency is held constant, the over-all compressor adiabatic
efficiency decreases with increase in pressure ratio. At a
pressuré ratio of 5, the compressor adiabatic efficiency is
0.85, the value used in the computation for figures 8 to 10.
The dashed curves on figure 11 are taken from figure 8 (c).
For the range of combustion-chamber-outlet temperatures
T, shown, the values of compressor pressure ratios for maxi-
mum F/3f, and minimum W/F are lower for the case when
the reduction in compressor adiabatic cfficiency with in-
creased pressure ratio is considered than those for the case
of constant compressor adiabatic cfficiency of 0.85. This
change in pressure ratios for maximum F/A{, and minimum
W,/F is more pronounced at the higher values of 7.

The curves in figure 11 pertain to the increase in pressure
ratio that is obtained by increasing the number of stages.
In a turbojet engine bhaving a given compressor, an increase
in pressure ratio is obtained by an increase in rotational
speed. High rotational speeds are usually accompanied by
a reduction in compressor adiabatic efficiency. This case is
discussed in greater detail later.
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The effect of increase in pressure ratio on turbine efficiency
is & more complex matter and is not considered in detail
herein. An increase in the number of turbine stages with a
constant pressure ratio and efliciency per stage results in an
inerease in over-all turbine efficiency. There is a tendency,
however, to design for increased pressure ratio per stage in
addition to increasing the number of stages when increased
over-all pressure ratios are desired, in order to economize
on the size and the weight of the turbine. Operation at
inereased pressure ratio per stage may result in some redue-
tion in turbine efficiency per stage, which may offset gains
obtained {from the increased number of stages. The net
effect on the over-all turbine efficiency depends on the
compromise between pressure ratio per stage and number
of stages.

ENGINE WITH GIVEN SET OF MATCHED COMPONENTS

The points on the curves of figures 8 to 11 relate to a series
of turbojet engines in which the components are changed to
provide the desired characteristics at each point. It is of
some interest to exsamine over a variety of operating con-
ditions the characteristics of a turbojet engine having a
given turbine and compressor.

The performance characteristics of the engine depend on
the performance characteristies of the particular compressor,
combustion chamber, and turbine chosen; the essential
trends, however, may be demonsirated by a consideration
of several illustrative cases. The characteristics of a typical
turbine, centrifugal-flow compressor, and axial-flow com-
pressor are shown in figures 12 to 14 followed by plots (figs.
15 and 16) of the performance characteristics of two turbojet
engines incorporating these components, the first engine
utilizing the centrifugal-flow compressor and the second
utilizing the axial-How compressor. The characteristics of
the components discussed are purely illustrative and are
not to be interpreted as indicative of the best performance
obtainable. The discussion is simplified by neglecting the
mass of fuel in evaluating the turbine output and by assuming
the pressure drop through the combustion chamber propor-
tional to the combustion-chamber-inlet pressure. The
errors introduced by these simplifications are too small to
influence the basic trends illustrated. In the computation
of the performance of the turbojet engines, the following
parameters are assumed:

Combustion efficieney, gpao- - e
Exhaust-nozzle velocity coefficient, ¢ oo _____________
Lower heating value of fuel, A, Btuflb_ - . ___________________ 18, 900

The variation in eis taken into account in these calculations.

Turbine characteristics.—The performance characteristics
of a typical single-stage turbine of low reaction are shown
in figure 12. The mass flow of gas through the turbine is
presented in figure 12 (a) by a plot of 34,+/6./6, against p./ps .,
at various values of the ratio of turbine-blade speed to tur-
bine jet velocity /1, The turbine jet velocity V, is de-
fined as the theoretical jet velocity developed by a gas ex-
panding isentropically through the turbine nozzle from
turbine-inlet total temperature and pressure to turbine-
outlet static pressure. The values of the upper absecissa
V./+/8, corresponding to the values of p./p;. are obtained
from the velocity equation
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V,-—J\/ 2t [1—(%) g :l

The values of the upper ordinate AfV,/3: are obtained

from the product of Af,+/6./8, and V,/+/6,. For pressure
ratios across the turbine greater than 2.5, the value of
Ad,+/6,/5, is constant (that is, choking occurs at the turbine
nozzle).

The turbine total efficiency », is principally a function of
the ratio of turbine-blade speed to turbine jet velocity u/V,
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and to a lesser extent a function of the pressure ratio and
Reynolds number. The relation between total efficiency,
blade-to-jet speed ratio, and pressure ratio is given in fig-

ure 12 (b), the Reynolds number effect being omitted in this’

analysis. The turbine-shaft efficiency 7., also shown in
figure 12 (b), is defined as )
oy 330 P
W, (&)Y
Lave ©

In this definition the turbine is not credited with the kinetic
power corresponding to the average axial velocity of the gas

In the plot of - ;7{; against u/V, in

at the turbine outlet.

figure 12 (b), the effect of pufps.s 18 s0 shght that only a sin-

'\ﬂts

gle curve is shown. The factors—- WV, and #/V, are single-

valued functions of each other.

Compressor characteristies.—In compressor practlee it is

convenient to define the slip factor K, as

550 P,
K=30¢ @

The conventional presentation of performance curves for a
typical centrifugal-flow compressor is given in figure 13 and

for an axial-flow compressor in figure 14. The compressor
pressure ratio p.fp;, adiabatic efficiency #,, and slip factor

K, are plotted against mass-flow factor M,+/8,/s, for various

values of tip-speed factor U7/ +/6,.

T):
10 = - T — d 210
K, .9+ g ~ -y ; ! I K,
i B - i ; : I a
; : i 1B Topsr
g S01~500—600——35
' : | Ps/Dss
bl ™, T L H
) / T ’_“; T
e - 5 :
7 \ B \ - AN :
‘ %\ >
& ’
iz Uive, ff/sec_ VN
Y 180pA 25
40
40 /Y 5 35
A A
. /5‘,::;0A'< /‘u 30‘ -
36 t Q
4SS
32 WA 2
LV o ¥4
pz 25 - 2 /I, - = 7«’4’1'};4";‘ 2N t
s T ya ' .
- u’/ “““““
SO —- ;
re
/€ /‘4‘ - ‘ .
ST N ll“br'l TS SN S NS T NN S N | [ [
o LT L P e PP T T ]
46 .8 Lo 42 {4 16 I8 ’

20 22
M VG 16, slugsisec. L
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FI1GURE 14.—Charaeteristics of axial-flow compressor,

As the tip speed of the centrifugal-low compressor in-
creases (fig. 13), both the pressure ratio and mass flow can be
increased, however, the compressor efficiency decreases. .\t a
given tip speed, a reduction in mass flow by throttling the
compressor outlet results in an inerease in pressure ratio and
eﬁiaeney to peak values. Stalling of the COMPFessOr accom-
panied by surging of the flow occurs at excessive throttling to
the positions indicated by the surge line.

The characteristic curves for the axial-flow compressor
(fig. 14) are similar in trend to those for the centrifugal-flow
compressor with the exceptions that high efliciencies can be
obtained at the high tip spects; operation at a given high tip
speed is “limited to a much narrower range of mass flow; af a
given tip speed, pressure ratio and efficiency decrease more
rapidly from the optimum value with change in mass flow:
and the value of the slip factor K, varies appreciably from
unity.

The axial-flow compressor shows less loss in efficiency than
the centrifugal-flow compressor with inerease in pressure
ratio in the range of operation shown. The axial-flow com-
pressor has the advantage over the single-stage centrifugal-
flow compressor in that it can be designed to maintain high
over-all efficiency at any desired pressure ratio by ptovuimg
a sufficient number of high-efficiency stages. For the
centrifugal-flow compressor, an increase in pressure ratio is
obtained by an inecrease in tip speed and hence velocities at
the impeller exit, which are in the transonie and supersonic
ranges, are eventually involved. The problem arises of con-
verting efficiently these high velocities into pressure in the
diffuser section of the compressor.
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Matching turbine and compressor.—A compressor and a
turbine selected for the engine have to be so matched that
the mass-flowr factor of the turbine 1/,/8,/8; is consistent
with that of the compressor 1/,+/8,/8; when the compressor is
operating at its design point and the engine is operating at
design temperatures, flight speed, and altitude. The mass-
flow factor of the turbine being a function of turbine-nozzle
area necessitates this area to be adjusted to give the desired
turbine mass-flow factor.

The turbine, whose characteristics are presented in figure

12, is already matched with both the centrifugal-low and
axial-flow compressors for a design-point temperature ratio
TJT, of £.0. The sizes of the compressors were specially
chosen so that the same turbine could be matched with both
compressors. The design point of each compressor was
chosen at the maximum tip-speed factor U/+/g; and at a
pressure ratio permitting operation sufficiently far from the
surge line to insure stable operation over a wide range of
conditions off the design point. For the centrifugal-flow
compressor, the value of the design pressure ratio is 4.1, and
for the axial-flow compressor it is 3.3.

The lines of constant temperature ratio T,/ 7} for a matched
compressor and turbine set are included on the plots of figures
13 and 14. These lines are obtained as follows: When the
difference between A, end 14, is neglected,

AT Z)* /T—I M AT,
y2 \T4 Ds

If r represents the ratio of the drop in combustion-chamber
total pressure to the compressor-outlet total pressure, then

Apry=pa—ps=7Ds
or
ps=(1—r)p:
Hence
1[2'\ TI (1_ ) Tl Jfg\’T4
P. V4 \ T. ps
or
vLﬂﬂ, 91 T M’g\ 94
== )P \ T, & ()

At rotor speeds of the turbojet engine where choking of
the flow at the turbine nozzle oceurs, the value of 34,+/8,/8
becomes constant (for example, in the region of pressure
ratios ps/ps,. above 2.5 for the turbine as shown in fig. 12 (a}).
When this constant value of 1/;4/6,/5: is subbtituted into
equation (8) and a value is assumed for r, it is possible to
compute the value T/ T for desired design \'alues of JIM 6,16,
and ps/p;. In the nonchoking zone, the value of 1/,4/8,/3; is
not so easily determined and the more general method
described in appendix C is used.

Engine with centrifugal-flow compresser.—ln a turbojet
engine, the compressor power is equal to the turbine power;
hence from equations (6) and (7)

R.U*=% Vines (9)
(The difference between Af, and Af, has been neglected.)

The factor B, which is the ratio of the compressor tip speed U
to the turbine-blade speed u, is a constant for any given

turbojet engine;so equation (9\ becomes

g5 ( LY. 10y

P

Any value of K, thus determines the value of 7., (L‘) and

hence, from figure 12 (b), determines the values of /V, and
also determmeb the values of %, and #,; when the effect of
pressure ratio across the turbine is neglected. A value of B
equal to 1.275 was chosen for the engine with a centrifugal-
flow compressor. For a compressor for which K. is nearly
constant, the turbine operates at nearly constant blade-to-jet
speed ratio and hence nearly constant turbine efficiency over
the entire operating range of the engine. For example, over
the operating range of the centufucral flow compressor under
discussion, the value of the slip factor &, varies between 0.80
and 0.95. The corresponding turbine total efficiencies
obtained from equation (10) and figure 12 (b) are shown
plotted in figure 13 for two values of p./ps ;. The value of 5,
is substantially constant over the entire range of operation,
as shown in figure 13.

At any given rotative speed and compressor-inlet tempera-
ture 7%, increasing the combustion-chamber-outlet tempera-
ture T, is equivalent to ‘throttling the compressor. This
increase in T, causes an increase in compressor pressure ratio
and adiabatic efficiency until peak values are reached. Ex-
cessive combustion-chamber-outlet temperature carries oper-
ation past peak conditions to surgmcr

Operation at any point shown in figure 13 at given flight
conditions requires a specific exhaust-nozzle area. Thus
every point in figure 13 is a possible operating point provided
the turbojet engine is equipped with a variable-area exhaust
nozzle.

YWhen the engine is provided with a fixed-area exhaust
nozzle, then, for any given flight Mach number, operation
at any one tlp-bpeed factor U/+/8, is limited to one value of
pa/p;. For the engine equipped with the components shown
in figures 12 and 13, an exhaust-nozzle area of 1.42 square
feet is required for operation at the design conditions
(pofp:, 4.1; U/+/8, 1600 ftfsec; Ty/T:, 4.0; and Y, 0.1).
Figure 13 shows the lines of operation of the engine equipped
with a fixed-area exhaust nozzle for values of I of 0 and 0.1.

(The method used to determine these lines is deseribed in

appendix D.) In the region of high rotative speeds, the
jet velocity becomes supersonic so that the exhaust nozzle
is choked and the fixed-area lines for the values of 1" merge
Into a single curve. For a fixed-area exhaust nozzle at any
given value of ¥ and compressor-inlet temperature 71, any
change in the combustion-chamber-outlet temperature T is
accompanied by variations in [7//8, and po/p:. In the
practical range of operation, an increase in T can only be
obtained by increasing tip speed and compressor pressure
ratio.

The thrust factor F/s,, the thrust-per-unit-mass-rate-cf-air-
flow factor F/11,+/8;, and the thrust-specific-fuel-consumption
factor WW,/F+8, of the turbojet engine plotted against mass-
flow factor 1f,+/8,/6; in figure 15 correspond to the conditions
shown in figure 13 for values of ¥ of 0 and 0.1 (that is, flight
Mach numbers of 0 and 0.707, respectively). The values of
Ffs, and F/M,+/8, increase appreciably with increase in

TJT.
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At the high tip speeds, F/A,+/8, for constant 7/ T} decreases
with increase in U//§. This effect is a consequence of the
reduction in compressor efficiency that offsets the effect of
increased pressure ratio when U/+/6, is increased. This
effect 1s more pronounced. the lower the value of T,/7).
The thrust factor, which is the product of FyA{,+/8; and
M,+/6,/8,, is largely influenced by the increase in mass-flow
factor that accompanies the increase in T/+/§,. At the higher
values of T,/T;, the thrust factor continues to increase with
increasing U7/+/6;; at intermediate values of Ty/T;, the thrust
factor peaks at the higher U7/+/6;, whereas at the lower values
of T,/1%, the thrust factor is decreasing at high values of
U/+/6,. Every point on figure 15 is a possible operating
point if the engine is provided with a variable-area exhaust
nozzle. A line of fixed-area-exhaust-nozzle operation is also
shown in figure 15.
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FreUre 15.—Performance of turhojet engine with centrifugal-flow compressor.
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For an engine with a fixed-area exhaust nozzle, the specifie
fuel consumption over the entire operating range of the engine
is shown by the dotted lines on the specific-fuel-consumption
plot in figure 15. The point of minimum W,/F+/6,, corre-
sponding to any value of Uf+/6,, Ti/Ti, or F/&, gencrally
does not fall on a fixed-area line. The W,/F+/8, curves
illustrate this statement for values of 7,/7;. Turther verify-
ing this statement for the other quantities mentioned requires
locating lines of constant U/+/8, or F/8 on the specific-fuel-
consumption curves. (These lines were omitied from the plot
for clarity.) In order to obtain these points of minimum
specific fuel consumption, a variable-area exhaust nozzle is
required.

A wvariable-area exhaust nozzle also permifs obtaining
maximum F/8 when values of T/T) greater than 4.0 are
possible and the maximum U/+/8, is limited.

In many cases for a given [J/+/f, minimum W,/F+/,
occurs at an intermediate value of Ty/T; even though 7, and
po/pr aré less at this intermediate T/7; than at a higher

T,/Ti. This occurrence becomes evident if lines of constant
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U/+/6; are plotted on the W /F+/g; curves of figure 15. The
oceurrence of minimum specifie fuel consumption at an inter-
mediate temperature was anticipated from figures 8 and 9.
Decreasing the turbine-nozzle area (which reduces the mass-
flow factor) shifts all temperature lines (fig. 13) toward the
surge line, and the T./T, value corresponding to any point
on the compressor curves is reduced. This change in turbine-
nozzle area enables an optimum W/F+/6, at any U/+/8; to
be obtained because operation at the best combination of
TJT:, v, and pafp; can be realized.

Changes in turbine-nozzle area can also be used to improve
the thrust factor at any desired engine operating conditions.

From the foregoing discussion, it is evident that in order
to obtain the ultimate in either thrust or specific fuel con-
sumption from a given engine, a variable-area turbine nozzle
as well as a variable-area exhaust nozzle are necessary.

Engine with axial-flow compressor.—Figure 14 shows the
performance characteristics of the axial-flow compressor
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used in the second illustrative turbojet engine. At high tip
speeds, because operation at any given tip speed is limited
to 2 much narrower range of mass flow for the axial-flow
than for the centrifugal-flow compressor, the turbine-flow:
area must be designed with greater accuracy for the amal—
flow than for the centrifugal-flow compressor to obtain a
proper match of turbine and compressor characterlstlcs at
the design point.

The variation of the factor K, is much greater for the
axial-flow than for the centrifugal-flow COMPTeSSOr. At the
high tip speeds, however, the variation in A for the a:nal-

flow compressor is sufficiently limited in the practical oper-
ating range to provide nearly constant turbine efficiency.
The turbme total efficiency curves in figure 14 were obtained
from figure 12 and equation (10) and pertain to a turbo;et

engine incorporating the turbine and the axial-flow compres- '

sor characterized by the data in figures 12 and 14, respec-
tively. A value of B equal to 0.97 was chosen for the engine
with an axial-flow compressor.

The lines of constant 7,/T; for this engine wers computed
in the manner described in appendix C from the data of
figures 12 and 14. The lines for an illustrative fixed-area
exhaust nozzle i, of 1.03 square feet are also shown.

The values of Fs,, F/M,+/@, and W, /F/g, that are shown
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in figure 16 for the turbojet engine correspond to the data
of figure 14, The minimum value of the specific-fuel-
consumption factor in figure 16 (a) is obtained at a 74/ T} value
of 3.0 and in figure 16 (b) at a T,/T; value of 3.5. In both
cases, minimum specific fuel consumption occurs at the
highest tip-speed factor shown. The fact that compressor
efficiency does not fall off with increase in tip speed in the
range shown contributes to the occurrence of minimum
W /F+/6; at high U/+/8,. ’

For a turbojet engine with a fixed-area exhaust nozzle

operating at a constant flight Mach number (constant value.

of I}, figures 13 and 15 or 14 and 16 indicate that the factors
Flsy, M,J6,/61, FIM 6, T/ Ty, and W ,/F+/8, plotted against
U/+/¢; should result in single curves regardless of the altitude
of operation (that is, regardless of ambient pressure and
temperature}. These single curves occur in practice for all
factors except the specific-fuel-consumption factor. In this
case, the assumptions of a constant combustion efficiency
and a constant specific heat of gases during combustion for
a given 7T4/T, that are required for such correlation are not
valid in actual operation.

The performance of the two illustrative turbojet engines
presented herein is not indicative of the best performance
obtainable with this type of engine because no attempt was
made to pick components with optimum characteristics.
The purpose of the discussion of these illustrative engines is
primarily to provide some insight into the manner in which
the performance characteristics of the components influenced
the performance of the engine, and some understanding of the
basic characteristics and limitations of the turbojet engine:

CONCLUSIONS

For a series of turbojet engines in which the appropriate

compressor and turbine are used for given operaling con-
ditions, the following conclusions may be drawn:

1. An increase in combustion-chamber-outlet temperature
causes gn increase in thrust. An optimum temperature
exists, however, at which minimum speeific fuel consumption
is obtained. This temperature for minimum specific fuel
consumption is at some conditions less than the temperature
limit imposed by strength-temperature characteristics of the
materials of eurrent turbojet engines.

2. Maximum thrust per unit mass rate of air flow occurs at
a lower compressor pressure ratio than minimum specifie fuel
consumpiion. B - . .

For a turbojet engine with a given set of matched com-
ponents, the following conclusions may be drawn:

1. The turbine efficlency remains substantially at the
design value even when the engine operating conditions vary
appreciably from their design values.

2. At a given flight speed and altitude, a fixed-area exhaust
nozzle limits engine operation to a fixed relation betwcen
rotative speed and combustion-chamber-outlel temperature.

3. The use of a variable-area exhaust nozzle permits
engine opération over a wide range of engine rotative speeds
for each combustion-chamber-outlet temperature. The use
of this type nozzle, as contrasted with the fixed-area nozzle,
thus permits independent adjustment of the engine rotative
speed and the combustion-chamber-outlet temperature to
obtain lower specific fuel consumption over a range of thrust
values.

ArrorarT ExciNye ReEsEarcH LLABORATORY,
NatioNaL Apvisory COMMITTEE FOR AERONAUTICS,
CreveLanp, Ownio, June I, 1946.



APPENDIX A

EQUATIONS FOR PERFORMANCE CHARTS

In addition to those symbols previously defined, the

following symbols are used in these equations:

¢, average specific heat at constant pressure of gases
during combustion process, Btu/(slug)(°F}
This term, when used with temperature change
during combustion, is used to determine fuel con-
sumption,

R, gas constant of air, 1716 ft-1b/(slug)}(°¥)

B, gas constant of exhaust gas, {t-1b/(slug)(°F)

7~ 1 Tl

pafpy | e 2z
(Dafp1) re{] or (X)

Wi ideal work for adiabatic process, ft-1b/slug
{The equation numbers correspond to those in the deriva-
tion given in appendix B.)

X’ factor defined as equal to

Figure 2: .
r "’,;2 _ 1 7 519
1 T ade, Ty 2J¢,.519 o aY 7*;) B1H
Pt Apg Apd - [519 -
I "[ +?JCM519 <T / ) ] (B70)

Flight Mach numBer:V TR <V Vo 2) ®72)
Figure 3 (a):

Apd 'Ya_l
( ><} T 'ﬂcZ) (B45)
Figure 3 (b):
Apo Ye— y
Figure 3 (c):
Wi
e VS T (B52)

=)@ ]
N 1 <P2>

where values of 1V ,/R, T, are obtained from reference 8.

Figure 4:

Ta

77: «
PL <1+ >
_Ys
ZL) _[ .’ZL_< 1\ R
7 rtf_ ncﬂlﬁﬁ 1_{_1 r)]

(B20)

(B66)
Figure 5 (a):

NNt w_
/ 0,2 TO -

log. = T (e 1 T, 519 .
YV 2J¢,.4519 l:mme TQ—()Z -E—X;;> —\/ncme TO—I— 1]-&—?0 V2
(B43)
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Ta—1

Where\ X’ is equal to (X) -
Figure 5 (b):

AV, _ %[ CV)»:K__I . (Béy)

H 4 CPS_l

ToZ Cpa

Figure 6:

Hy=c, T,(1+Y+2) (B36)

The T, corresponding to the enthalpy H, is obtained from
reference 6.

Figure 7:

_&(T—T))

=55 (B33)

where ¢, is determined from reference 7.
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APPENDIX B

DERIVATION OF PERFORMANCE EQUATIONS AND MISCELLANEOUS EXPRESSIONS

From the momentum equation, the net jet thrust when the
effect of mass of added fuel is neglected is

F=AM,(V,—V,) Bla)

and when the mass of added fuel is included
F=M,(V,—=V,)+fM.V; (B1b)

The thrust horsepower developed by the jet is
FV, S

tiep——550 - - (B2)

By definition, the turbine total efficiency is
S— -\ SR - (B3)

] (1+ﬂM“‘

The jet velocity (when the effect of reheat due to turbine
losses, which occurs in the further expansion of the gases
from turbine-outlet static pressure to ambient-air pressure,

(B4)

Tfj=Gp\/ 2J¢..Ts [1_

For simplification, the effect of added fuel is neglected by
dropping the term f in cquation (B4). The effect of the
presence of fuel on jet veloeity V; ean be taken into account
in the subsequent equations and in the charts for 17 by
using, for the value of 5, the product of the turbine efficieney
7, and (1--f) inasmuch as the quantitics 4, and f appear

ye—l
p_(,)'f] ___ 550 P,
P 1 Af
2 4 ant(l+ﬁ

only as the product 7,(1+f) in cquation (B4). Now
—7 —1
Do -r, Pa ( Ap;) EN
1— =1— :
[ 214) ] z%> P2 (B3)
and when the last term is expanded into a series
'Yx_l .
_Ap Ye—lAp,
<1 y2: =1 Ye D2 (B,ﬁ)

Ap
for small == Because only enough turbine power is removed

to drive the COmpressor

is neglected) is given by P,=P, (B7)

When equations (B5), (B6), and (B7) are substituted into equation (B4)

7—1 'yr--I
Vj—O\ OJCpgT.; [1—<p0) e ]—QJCP 2T4 (po) K '}_:5___1 é&_% . (B8)
Y Pz lﬂff‘/}
2 alit
Let
¥,—1
eu|1-(®) 7
K= =- & ey - - (B9)
L]
Y&
and
T !
Po) e <'Yg_1

CPZ
K =Pz Ye_ /. (B10)

9 ()

When equations (B9) and (B10) are used in equation (BS8)
ra—1 )
Vi=C.\ 276, [1—(5”0) ]K—QJc,,JL (1’0) ( )A?’Z K500 L (B11)
ﬂfﬂ e
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The total temperature at the compressor inlet (which is
equal to the total temperature of the inlet air) is

T?

Ti=Titg— (B12)

The ideal stagnation pressure p,; corresponding to this
total temperature is

Ts
1792 —
p=n (1)

(B13)

Define
V2 _
Y=2Jcp.aTor - (B19

so that
T =T,1+7T) (B15)

and

Pt (1 yy™e (B16)

Po

The compressor-shaft horsepower expressed as a function
of compressor-inlet. temperature and pressure ratio is

Ye—1
_EIGJCF’QZ-TI[ @) Te ]
Pe= 5507, 71 1

where the specific heats of air during the compression process
are assumed constant. Because of this assumption, the
value of the compressor-shaft horsepower caleulated from
equation (B17) for & given pressure ratio, inlet temperature,
and efficiency is slightly greater than the actual compressor
power. The deviation increases with increasing pressure
ratio and inlet temperature. For values of T up to 550° R
and p,/p; up to 40, the maximum error in compressor work

is about 1 percent.
Define

B17)

550P,

2= Te.. T,

(B18)

so that substituting equations (B15) and (B17) into equa-
tion (B18) results in

Ya—1
R 2 I
1
or
s , e ,
1.Z \r=t_ (14T 49 Z\7e=
2 (1+1‘Y —(FY ®B20)
Now
P1=D1.:— ADs (B21})
so that
D1 Pui_ APz D:
Pe Po P1 Do (B22)
from which
Drs _
E:.—Z)O T .
2 T A7, B23)
When equation (B16) is used in equation (B23)
Ye
D (1 1 Y)'r.—l 9
P\t L . 4
PU i 1 1 Apd (B )
Y41
Equations (B20) and (B24) are combined so that
1+% , )
VA ) W 9
2 7:1 (B’,‘s),
(1+Y+77CZ)T&
Therefore
(1 Apd> .
Do
1= (Z’ ) 1+ Y402 (B26)
Expand

Ye—1

, Ap¢>7_. ve—1 Ap,
—re =1_L___
<1T D1 ! Ya

P B27)

which is accurate for small values of Ap;/p;.

When equations (B18), (B25), (B26), and (B27) are used in equation (B11)

P___

05 Cp aTO“ .K YT’?c

IT:Yl 7?:

The term involving the product of the pressure-drop ratlos

('Ya_'l> (Ap4>
( e—1 (Apd :l K T4< a—l) Apz )
Y-rmZ 1—;-Y-rm 1+Y+2.Z | =

(B28)

A,

p ? can be neglected, so that equation (B28) becomes

T

Y I Y+9.Z Ye—1\ (APs
K g R g () (5

(B29)

=1 (57) () mrme.
TﬂcZ lT}7 ﬁcZ ¢
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The factoreis defined by the equation

7 7.
W= ABTe T T ey =2

c, Ty 4n.Z ns (B30)
from which
=x-K(22) (39) (772)-
& () (3) (v402) (B3)

When equations (B30} and (B14) are substituted into
equation {(Bla)

- (o

FUEL CONSUMPTION

Y +77c: 77«:

iy T) B9

The expression for the fuel-air-ratio factor to obtain a rise

in total temperature in the combustion chamber from 7% to.

T4 is
Cp<T4 T. 2) )
where values of €, are determined from reference 7.
From the conservation of energy
Hy=Hyt 0 5+550 1 (B34
v=H M.J )

where H, is the enthalpy of the air corresponding to the
compressor-outlet total temperature T, in Btu per slug.
(Zero enthalpy is arbitrarily fixed at absolute zero tempera-
ture.)] The symbol H, is the enthalpy of air corresponding
to the ambient-air temperature 7, in Btu per slug and is
given by :

When equation (B41}) is used in equation (B30)
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Hy=c,,.T, (B35)

If equations (B35), (B14), and (B18) are used in equation (1334)

H‘.’:Cp.aTo(l—{" IT"{'Z) (BBG)
Now T is a function only of H,
Ty=o¢ () =¢(cp o Tol1+ Y+ Z]) (B37)

and the T, corresponding to the enthalpy Il is obtained
from reference 6.

PRESSURE RATIO FOR OPTIMUM THRUST PER UNIT MASS RATE OF AIR
FLOW

For a given 17, Ty, T4, 1, 1, and €, and negleeting the
change in e due to a change in .Z, the maximum thrust per
unit mass rate of air flow with respect to compressor power
input (or pressure ratio) is obtained from equation (B32)
when

F
a(H) o T 1 1

EIC AR e = e

from which

14 Y']‘ (ﬁcZ) ref=’\/ﬂc’l'h€ TZ;Z (BSQ)

(The téfm (7:Z)+¢r 1s used to designate the value of 4.2 for
which F/M, as given by equation (B32) is & maximum.)
Factor X’ is defined by the relation

1+Y+9Z

Vi [2Je,, T nenie L2
0 nene \/ ST

so that

which when using equation (B14) can also be written as

In terms of X', equation (B32) becomes

R 4
X 1"!‘1 _l"(’?cz)fcf (B O)
hence
1 ¥ nZm X' [nenie Lt (Ba1)
Nels =« '\ e To
JET VELOCITY AND THRUST PER UNIT MASS RATE OF AIR FLOW IN TERMS OF FACTOR X
/ _ " o
X € 1 —_—
T; \/ﬂc"?t TD . T4
N v \/ nae g 1Y
< NN € To
V; ncm 512*\/2J0p.a519\/ncnze I X’r—l-r~17>\/ncme Z‘%— 1+Y (B42)
O Tg .X Tg
721:!772; 521.,(?—\/9,]% 4519 [mme --(X’ Y,)\/mme +1:| _{_§19 V.2 (B43)
oy \/ncnze (X’ Y,)\/mme T £t H—Y— /Y] (B44)

F /519
.ZL{ T ‘—"\,‘{22]’6;; a519[
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EVALUATION OF CORRECTION FACTOR €

The factors @ and b are

202 ()
Y TTIGZ
Apu "Ya—l
P2 )(I + ﬂcZ)

\

(B45)
and

(B46)

When equations (B45) and (B46) are substituted into
equation (B31)
e=K—Ka—K’) (B47)
The terms A and A’ are close to unity in value, whereas
the values of ¢ and & are small in comparison with unity;
therefore, only a very small error is introduced by letting

e=K—a—b (B48)
The quantity ¢ is defined as
e=K—1 (B49)
then

e=1—a—b+c (B50)

Now, from equation (B9) and reference 8 '

Wa
o R.T, R, -

K= = (B51)

Gl ]

where the values of W/R, T, are obtained from reference
8. 'These values .correspond to the temperature 7, and

pressure ratio p./p,. Therefore,
W
o= R.T, %—1 (B52)

(@)

CORRECTION FOR REHEAT ACCOMPANYING IRREVERSIBILITY IN
TURBINE

The actual jet veloeity including reheat in the turbine is
given by the equation
_f Loy 7 =
(‘,pm) (B53)

T2
%_,—V;:chp,gTs,s [1
The static gas temperature at the turbine outlet is 75 ;.
From equation (B53) the following equation in terms of
differentials is obtained:

re—1
27,

= dV=2Jcp,g[ ~(2 )*':ldT“ (B54)

When equation (B53) is.used in equation (B54),

o7, (VR LNdTs
T Vs

K (B55)

The independent variable is T;,, therefore
AT =dT5 s

For small values of AT ¢

AV =dV; (B56)
If these expres <1om for dT;, and dV’; are used in equation
(B55), 7
T e
The amount of reheat AT, is equal to

whereas the static gas temperature at the turbine outlet

550P, _ V§

MiJeys 2Jep,e (B59)

Ts,sz T4_

In equations (B58) and (B59), the effect of added fuel on
gas flow through the turbine is neglected (that is, J.=21,).

When equations (B7), (B14), and (B18) are used in equa-
tions (B58) and (B59),

stmnz () (1)

Ty =T — T(}Z<C” V,T(,YCPV

Cog

(B60)

(Bé1)

and when equations (B60) and (B61) are substituted into

equation (B57),
7€
rzées (1)
) ] * Cp 4

M’ 3 [1_<

Cpa__ - cp “ (B62)
TGZ Cp.e -VZ TQI Cp.g
or
1 0 Vs
= ~—1
av; 2 [: ) ] ( )
V=T Cig = V. 2Y (363)
TZ Cpe ViZ
The V—a% term in the denominator is small in comparison
with 2?42 %251 and can be negleeted, resulting in
& p z
1 C V
= —1
s s - 1)
v, Ta cp e ' (B64)
ToZ €pa

DERIVATION OF MISCELLANEOUS EXPRESSIONS

(a) The reference pressure ratio (ps/p:)., corresponding to
any values of ¥ and of (3.Z),.; from equation (B20) is

1Y+ (1) ey 7.—1 ‘
>rei [ ITF' ] (865)
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or substituting equation (B39) in equation (B65) gives

) At () T
P ref NN i€ T 1_}_}7

(b) From equations (B40), (B20), and (B65) it is seen that

(B66)

Yo—1
— pz/pl ]T B V
(P2/P1) res. (B67)
or defining the factor X as
a_ ]
Yol
. X=X (B68)
then

(Pz/iﬂl) fe.f:

(¢) The ideal ram pressure ratio given by equation (B13)
can be rewritten as

e
V4R P1+AP1_ ( \/@)2] el
P l:l Jr2Jc,, B\ VT

(B70)
(d) The flight Mach number is
. V, iy
Flight Mach number=m (B71)

=7 19(‘7" \/ %) (B72)

or when equation (B14) is used in equation (B72),

,x/chp To¥ _

A
thht fach number= AT,

\/< )y ®1)



APPENDIX C

METHOD FOR DETERMINING CONSTANT T,/T; OPERATING LINES OF MATCHED SET OF TURBOJET COMPONENTS

The procedure for plotting lines of constant T,/ on
compressor-characteristic curves, as in figure 13, for a given
turbojet engine is as follows:

Equation (9) may be written

- U2 1 Ve T

Kegr=357g, ", (CD

When T/7} is eliminated between equations (8) and (C1),
M, %) MV

574 ( Ira Pz igh e [Aes Co

v 5 Vo) G =(1— ) 5 \/ 5 (C2)

The method of using equation (C2) to obtain constang
TyT, lines is illustrated for the turbojet engine with a
centrifugal-flow compressor.

1. A point on figure 13 is selected at a value of I7/+/6; and
of psfp, for which the value of 7,/7 is desired.

2. The corresponding values of 1£,+/6,/5;, K,, and an
approximate value of 4, are read from figure 13.

3. An approximate value of 7., from figure 12 (b) that
corresponds to the approximate value of #, is used to compute
an approximate value of »/V, from equation (10).

4. For a given value of r, the approximate value of
AV .f5, is computed from equation (C2).

5. The value of V,/+/6,, corresponding to the values of
MV /8. and u/V, previously obtained, and the value of
BM,+/8./5, are read from figure 12 (a).

6. From equation (8), T./T: is computed. This valueis a
first approximation and in most cases is sufficiently accurate.

7. In order to evaluate a second approximation of 7,/T,
a new value of 4/V, is computed from the identity

_ Uf Vo, '2—11

1:7! '\ 54\

8. From figure 12 (b), a new value of 7, is determined
from the new value of #/V, and the value of p,/p;, corre-
sponding to the previous value of V,/+/8, as determined in
step 5.

9. Steps 4, 5, and 6 are repeated.

In order to Hlustrate this procedure, the temperature ratio
corresponding to a point on the centrifugal-low-compressor-
characteristic curve is evaluated. For the turbojet engine
with a centrifugal-flow compressor, & compressor-tip-speed to
turbine~blade-speed ratio B of 1.275 is used.

1. The point at U/+/8; of 1600 (ft/sec) and p./p, of 4.0 is
selected.

2. Corresponding to this point, 34,+/6,/8; is 2.0 (slug/sec),
K, is 0.945, and the approximate », is 0.85.

3. The corresponding 75,, (from fig. 12 (b)) is 0.80 and the
value of 4/V, evaluated from equation (10) is 0.51.

4. For a value of r of 0.05, the value of 3£, V][5, is 1295
((slug) ({t)/sec?}, as determmed from equation (C2).

5. Corresponding to the values of AL,V /s, and ufV],
values of /6, of 1295 (ft/sec), M +/8./5, of 1.0 (slug/sec),
and p./pss of 2.92 are obtained from figure 12 (a).

6. A value of 7./T; of 3.61 is obtained using equation (8).
This is the first approximation.

7. From the identity

w _ Ule, [T:

V. BV[aVT:

a value of u/V, of 0.51 is obtained.

8. At this value of u/V, in figure 12 (b), values of 7, of
0.85 and 7., of 0.80 are obtained, which are the same as the
values determined in steps 2 and 3; therefore no further
approsimations are necessary.
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APPENDIX D

METHOD FOR DETERMINING FIXED-EXHAUST-NOZZLE-AREA OPERATING LINES OF MATCHED SET OF TURBOJET
COMPONENTS

Useful equations for determining the values of several
parameters needed in this method are as follows:

Y1 i
Y7_‘.'_ / [ _29) ”fg]
=G\ 2709 | 1 <p5
where

ps total pressure at turbine outlet, Ib/sq ft absolute
The mass flow through the exhaust-nozzle arca is expressed

as
1 / R
p Y R
oma (8 Y 200, [1-(2)

ps stagnation density at turbine outlet, slug/cu ft

where

Thus

2116

Y]
Ye / Pe Ye
~R,J519 p5> V 2Jes [1_ ) ](ma)

Tquation (D2a) is used until the critical pressure ratio is

7
The value of Ef}f

Do/Ps becomes less than the eritical pressure ratio. The
mass-flow-per-unit-area factor for eritical flow is

-zufg\'g;
Aybs

reached. remains constant thereafter as

M 65 2116 / 2\ '
Ands R,4/519 \ g+1 v;?i) (D2b)
From energy considerations

V2

T—T,— LIRS

ST 2 e,

from which
b5__ N Vi

.17 37, 510 <»\/a4 (D3)

The jet-velocity factor

V_ F |V

N VAN RN

which, when using equation (B14) and equation (15}, becomes

V: F \/ Y
=t [2Jc,,519 <——)
-\/91 l"[a'\/el_{_ Cp,a, 1+Y
The procedure for determining the design-point exhaust-
nozzle area and the locus of the fixed-exhaust-nozzle-area

(D4)
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(D1 1

curve is outlined in the next section and illustrated for the
case of a turbojet engine with a centrifugal-flow compressor
operating at a value of 1" of 0.1.

DETERMINATION OF DESIC‘I\ EXHAUST-NOZZILE AREA

When an engine is equxppod with a fixed-arca exhaust
nozzle, the size of the nozzle area used is generally that
required for engine operation at the design point. This de-
sign exhaust-nozzle area is determined as follows:

1. Values corresponding to the desired design point for
palpy, Ul6, T Ty, MaA'8./8,, K., and an approximate value
of n, are read from figure 13, and F/AL,+8;, is read from
figure 15 (b).

2. The approximate value of »,, from figure 12 (b} that
corresponds to the approximate value of 5, is used to com-
pute an approximate value of /V, from equation (10).

3. For a given value of the ratio of combustion-chamber
pressure drop to combustion-chamber-inlet pressure r, the
approximate value of A4,V /8, is computed from equation (C2).

4. The value of 7Vi/+/8;, corresponding to valucs of
M Vi/s, and w/V, previously obtained, isread from figure 12 (a).

5. The value of V/+/8, is used in equation (D3) to caleu-

late 65/6,.

6. Using the values of FfA,+/8; and T in equation (D4}

gives Vi/+/6..
7. From the identity

\55 \91

V/+/8s is calculated.

termines po/Pps.

¢ 1[ \/6_5
8. Using the value of po/p; in equation (D2a) gives — s
rYs

Using this value in equation (D1) de-

If the valuc of po/ps is less than the eritical pressure Iﬂth

then the same value of Jff\—s— as occurs at the critieal pIOS-
5

sure ratio is used. This eritical value of = My 67 is obtained

L 85
from equation (D2h).

9. With a ram pressure loss assumed the value of pyfpois

determined from the value of ¥ and equation (B16}.

10. The value of A, is then calculated from the identity
<ﬂ[a\ T4 gﬁ
T | 8,

“EHHE
.[’1 55 po 271
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DETERMINATION OF FIXED-EXHAUST-NOZZLE-AREA CURVE

Once the design area has been found, the operational
points of the engine with the fixed-exhaust-nozzle area A,
have to be determined at other rotational speeds. At any
given U/+/8, the exhaust-nozzle areas required for several
operating points are determined by the method just outlined.
The operating point corresponding to the design A, at a
given U/ /6, is then determined by interpolation. This
process is repeated for a sufficient range of values of U’/ 6,
and the line of fixed A, is located. The difference between
Af, and 1Af, was neglected in this procedure.

In order to obtain the operating line of fixed A4, for another
flight speed, the procedure is repeated using the new value
for Y.

In order to illustrate the method, the exhaust-nozzle area
for the engine with a centrifugal-flow compressor is evaluated
for a design value of ¥ of 0.1 as follows:

1. From figure 13, design-point conditions are: p./p;, 4.12;
TJT,, 4.0; A,+8./8, 1.96 (slugfsec); K., 0.91; U/+/6;, 1600
(ft/sec); 5:, 0.85; and from figure 15 (b} the corresponding
FiM,+6; is 1272 (Ib/(slug/sec)).

2. Corresponding to 7, of 0.85, a value of 5., of 0.80 is
obtained from figure 12 (b). A value of u/V, of 0.52 is
evaluated from equation (10).

3. For a value of r of 0.05, the value of 31,V /5, evaluated
from equation (C2) is 1209 ((slug) (ft)/sec?).

4. From figure 12 (a), corresponding to this value of

M,V /5, the values of V./+'8, of 1209 (ft/sec) and p./ps. of
2.50 are obtained. The p./p; . value indicates that the flow
through the turbine is sonic.

5.,A value of ¢, of 8.6 (Btu/(slug)(°F)) is assumed;
then from equation (D3), the value of 68, of 0.831 is
obtained.

6. Values of F/3f,~/6, and ¥ used in equation (D4) result
in a value of 17,/+/8; of 2025 (ft/sec).

7. A value of 1,/C,+8; of 1142 (ft/sec) is determined
from the values of V;/+/61, 65/8,, and T,/ Ty, and a value of
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chosen as 0.97. Corresponding to this value of VyCin/6;,
the ps/p, determined from equation (D1) is 2.25, which is
greater than critical pressure ratio indicating that the fow
through the exhaust nozzle is sonic.

8. From equation (D2b) and values of v of 1.35 and R,
of 1720 (fi-lb/(slug) °F)), the eritical 3,+8;/1.8; of 1.516
((slug/sec)[sq ft) is determined.

9. The ideal ram pressure ratio p; ./pe, obtained using the
value of Y in equation (B16), is 1.396. With an inlet-duct
pressure loss Apgfp, of 0.04 assumed, then p,/p, is 1.356.

10. From the identity

11’

T. 6
T1 6.;

500
An5s Do/ \I1

a value of .4, of 1.42 square feet is obtained.

A=
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